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By Ellis  Katz 

SUMMARY 

Flight  tests of airplane-like  model  configurations  have  been 
conducted to determine  the  effect  of  airfoil  section  profile  and  thick- 
ness  ratio on the  zero-lift drag of low-aepect-ratio wings at  supersonic 
speeds.  Five  rectangular wing8 of 1.5 aspect  ratio  having NACA 65-serius 
airfoil  eections of from O.Cgl2 to O.O3OO thickness  ratio were compared 
to  determine  the  effect of' thiclmess  ratio.  Three 45O sweptback  wings 
of 2.7 aspect  ratio  having  circular-arc,  diamond, and NACA 65-009 airfoil 
sections  of  equal  thickness  ratios  were  compared  to  determine  the  effect 
of  section  profile. 

The  results  indicated  that,  for  the  round-noee NACA sections, a 
decrease of thickness  ratio  resulted  in a masked  reduction  of wing drag 
which,  however, was less  than  that  indicated by the  theoretical thichess- 
squared  relation  for  pure  supersonic flow. -st half the d r a g  reduction 
resulting  from sweep wa8 due to the  decreaee of the  thickneea  ratio  in 
the  free-stream  direction. For both  the  rectangular and 45' mptback 
.wings,  the  use of sharp-noee  profiles  resulted in greater drag than f o r  
the  round-nose NACA 65-009 airfoil  sectiona, though the  effect  of  profile 
appeared  very emall for t h e  BTjept plan  form. 

As part of an NACA investigation to determine  the  zero-lift  drag of 
airfoil aurfaces at  supersonic  speeds,  this  report  presents  results  of 

profile  on  the drag of  low-aspect-ratio wlngs. 
' tests macle to  determine  the  effects  of  section  thickness  ratio and 

One of the mans by which  practical  flight  efficiencies  might 
possibly be attained  in the supersonic  speed range is by the  use  of  very 
thin  airfoil  section  profiles. To determine  the  effect of section 
thichess on the  zero-lift  drag  coefficient  of  rectangular  wings,  five 
configurations  have  been  tested with rectangular wing8 of differing 
thicl.mess  ratios. 
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A8 a further mans of redwing  the  drag of  wings at supsrecmic 
speeds,  sharp-nose a i r f o i l  sections have been investigated, 8s  glven 
in  reference 1. Theoretical  considerations  indicate  that shw-nose 
profiles m i g h t  show lower drag a t  supersonic speeds thm conventional 
round-nose sections. A t  low superaonic Mach numbers,  however, the 
theory falls i n  accw-acy and resu l t s  muet be obtained by experiment. 
Reference 2 presented a caparirson betwen 8 cirpular-arc and HACA 65-009 
airfoil eeution for a rectangular plan form. T h i s  report extends the 
reeultr of reference 2 to Includs caparisons btween the diamd, 
cirouJ.ar-a;rc, and RACA 6-009 airfoil sectione for  a 45' sweptback plan 
form. 

The wing drag  presented in   th i s   repor t  includes mutual interference 
e f fec ts  between wing and body. The Mach  number w e  from 0.9 o 1.3 
corresponds to a Reynolde nlrmber range from approximately 5 x 10 2 
t o  9 x 10 depending on wing chord and Mach nmber. 6 
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P atmospheric demit73 slugs 

V model velocity,  feet  per  second 

e launching angle, degrees 

All teat models were  identical  with  the  exception  of  the  wings. 
Photographs  of  the  configurations  tested  are e h m  as figures 1 and 2. 
The plan form of a l l  wings was so located  that the quarter-chord g o a t  
of  the mean geometric chord  was 3.4 diameters  rearward of the  base  of 
the  nose- . The  wing  surfaces  were  rotated 45O out of the plane of the 
tail fins. A Mk.7 aircraft  rocket  motor  which  develops  approximately 
2000 pounds thrust  for 1 second  was  housed  within  the  cylindrical body. 
Wood construction was used throughout. 

Four  configurations  with  rectangular wings of A - 1.5 and 
FUCA 65-series airfoil  sections  were  tested for the  thickness-ratio 
investigation.  Three of the  configurations  ha&  wings  with  thickness 
rakios equivalent to  the  strasmrisa thlclmses ratios  for  the 3k0, 45O, 

520 sweptback wings of reference 3- The  test  wings  were  actually 
of $ = 0.0746, 0.0639, and 0.0557; and the exposed plan-form area was 
1.277 square feet. A fourth  configuration  was  tested  with 0.03 thick- 
ne68 ratio and exposed plan-form mea of 1.389 squsre  feet. For the 
section  profile  investigation, two configurations  having 45' meptback 
nontapered  wings of 2.7 aspect  ratio and 1.389 square feet  exposed  plan- 
form area were tested  with  9-percent-thick diamond and  circular-arc 
sections normal to  the leading edge. Figure 3 presents  the diaond 
and circular-arc  profiles  of  9-percent  thicknese in comparison  with 
the  NACA 65-009 airfoil  eection  profile. 

The  expetrimental  data  were  obtained by launching  the  model  at an 
aagle of 75O to  the  horizontal snd determining its  velocity along 
the near4 straight-line  flight  path.  The  velocity  determination is 
made possible by a Doppler  radar  velocimeter  located  at  the  point  of 
launching.  The  data  were  obtained  from  one  test  for  the  sweptback 
circular-arc winged configuration and two or more  tests  for  the  remaining 
configuratione.  The  total drag coefficient  values  are  derived from 
the formula 

c?r = gpSv2 

=(a - R sin e) 

The aim of the  launching angle 8 is  assumed  to  be equal to 1-00, 
the  resulting  error  being  of  the  order of 0.5 percent and, hence, 
considered  negligible.  The  basic  data  for  each  model of every  configu- 
ration  tested  are  plotted in figure 4 as C versus M. For each n, 
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configuration  faired  curves have been drawn through the  basic data of 
figure 4, and these  curves w i l l  be used as the basis of the  following 
discussion . 

RESULTS AND DISCUSSION 

Thichess  Ratio 

Curves of Cn, versus M f o r  the rectangular winged c d i g u r a t i o n s  
are  shown in  figure 5 f o r  = 0.0756, 0.0639, and 0.0557 f o r  which 
s = 1 .m square feet, and in  figure 6 for 2 = o .O~U (reference 3) 
and 0 .O3OO for which S = 1.389 square feet Also included in figures 5 
and 6 i s  the  curve for ti wingless configuration of reference 4 which, 
however, i 8 h e e d  on a w i n g  area of 1 277 square feet i n  figure 5 and 
1.3% square f ee t  in figure 6 .  Other  than  being windess, t h i s  configu- 
ration is similar t o  the configurations of th i s  report. Figure 7.shows 
the  variation of (& with M for f ive  values of thichespl  ratio.  

is the increment in drag  coefficient that re8uL-h from the addition 
of EL w i n g  to a wingless configuration. Although the wings of - = 0 .O912 
and 0.0300 were of a slightly  dffferent exposed area  than  the remaining 
t ea t  wings, the diecrepancy is believed to have negligible  effect on 
the comparative reeul te .  The curves show that   thin wing eections are 
definitely superior to thick ones . The fact that the Mngs of 
- = 0.0639 and 0.0557 do not .appear in  t he  correct order for M < 1 .l5 t 

1s due perhaps t o  the hherently larger experiment& inaccuracies near 
M = 1 .O rathor then t o  aerod.ynamic  phenomena. 

t 
C 

C 

The results of ffgure 7 a r e  cross-plotted in figure 8 t o  show the 
variation of w i n g d r a g  coefficient with thiclmess  ratio and thickness 
E t i o  squared at a Mach number of 1.20. The curvea of figure 8 have 
teen  extrapolated t o  zero thiclmsss  ratio where the winedrag coefficient 
i s  equnl t o  the viscous b a g  ccefficient . A value of C = 0.006 
has been obtainerl from reference 5 f o r  an assumed turbulent boundary 
layer at the Reynolds number of the t e s t s .  For M = 1 . 2 ,  the cur ye^ 

lndicate a nearly linear variation of with t/c throughout t h o  teat 

range from L = 0 . O P E  to 0 .O3W Blth!.:lugh it might bo expected ';hat t h e  

variation becanes nonlinear at very low values of' t/c as is suggested 

by !.he exkapolatian. Reference 6 sh9we-l 5h;hst the pressure drag 
coefflctent oI" a wlng -In parrs supersonic flow should theoreticslly vary 
as the square of Ita tillclmess r s t i o .  Although the w k g s  wlth HACA 
&series a h f o i l  secLions a,- not LheorcCILc- in  a pure supersonic 
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C 
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flow field, arlng t o  the rounded leading edges and detached nose 
waves, it I s  of interest  to ccolrpase the experimental  results  for 
transonic flow w i t h  the linearized  theory  for  supersanic flow. When 
plotted  against  (t/cI2, ,the theoretical variation vas a straight line 
which was made t o  pass through the  experimental value of C% a t  

variation is shown as a dashed llne in figure 8 for canpr i son  with 
the  experimental miatimr. It is seen.that  the  sugersonic theory 
predicts a greater drag coefficient decrement due to a thickness  ratio 
reduction of the g-percent-thick  sectim than is experimentally 
realized. It is possible that part or a l l  of this difference between 
the experimental and theoretical variation may be due to the mutual 
interference  effects mentioned previouely. 

(9' = 0.00832 ma cDw = cDf = 0.006 it(B) = 0. 
t 2 . .  This  theoretical 

The effect  of sweepback A was reported in reference 3 where, 
for  the m o s e  of the investigation,  aspect  ratio, exposed plan- 
form area, and a i r f o i l   s e c t i m  n o m 1  to the leading edge were held 
constant for vwioua values of sweep. However, the decrement of Csrd 

between the umwept and sweptback wings of reference 3 m y  be considered 
t o  be the end resu l t  of two independent effects: first,  a reduction 
of the  free-stream-direction  thiclmess r a t i o  of the rectangular wing 
t o  the ratio  correspmding  to the swept wing and, secmd, a aheasing 
back of the reduced sections so that  the leading edge is swept to tlhe 
desired A. These steps m e  diagramatical- aham in figure 9. The 
results of reference 3 for M = 1.2 are plotted in figure 10 aa the 
variation of C% w i t h  the free-stream thickness   ra t io   for  wings havlng 
win& degrees of sweepback. Pus0 replotted in figure 10 is the  curve 
frm figure 8 fo r  M = 1.2 f o r  whicih all w i n g s  were unswept. The lmer 
curve shuws the sum result of the two effects  mentinned  above. The 
f i r s t  effect, *e.t of the t /c  reduction  for the rectangular wing,  is 
shown by the upper  curve in figure 10 and is the resu l t  of the flrst 
effect  &lone. The difference between the curves denotes the magnitude 
of the second effect ,   that  of shearing the reduoea sectlons reaward t o  
the eurgle A. Examination of the ourves reveals that the effect  of 
the t/c  reduction in the free-stream  directicm  cartributes fram approxi- 
mate ly  40 t o  55 percent the total % reduction due t o  sweepback. Thus, 
the advantage of sweepback in the manner described above is seen t o  l i e  
partly in the effect  of creating  thinner a i r f o i l  sect ima in the free- 
stream direction. 

W i n g  Section  Profile 

In f igwe ll are shown the curves of Cm against M for  winged 
configurations  havtng 45O sweptback wings of diamond md circular-arc 
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profiles . Also fncluded axe the  rectangular-wing  configuratians 
f o r  t h e  NACA 65-009 and circular-arc  airfoil  sectiane f’ram reference 2 
and  the  swept-wing  configuration  with NACA 69-009 airfoil  section 
from reference 3 .  The  wingless  configuration,  discussed  in  the 
preceding  section, is here  based on a wing area of 1.389 square feet. 
All winged canfigur€ttians had wlngs of equal exposed  plan-form area 
and 2.7 aspect  ratio. The sections  were  all 9 percent  thick in 
planes  normal. to the wing leading  edges. Lack of sufficient  data 
prevented the inclusion of a configuration with rectangular vlnge 
of  diamond  section. Cw for the  above  co-igurations  is  presented 

in figure l2 against M. The curves  indicate  that,  whereas  airfoil 
section  has a marked effect on the drag coefficient  of an mewept wing, 
it  has but little  effect  for a 45O sweptbaok wing. EI both  the  swept 
and unswept plan form, the wing with NACA 63-009 airfoil  sections 
shows  aonaewhat lese C% than do  the sh~~-nose airfoils.  This 

condition my, however, be reversed  at  higher  Mach  numbers  where the 
shock k i l l  attach  itself  to  the no88 of the sharp-nose  airfoils. 

Flight t e s t s  were conducted  on  airplane-like  configurations to 
determine the effect on drag of wing section  profile and thickness 
ratio.  The  Mach number range of the tests was approximately 0.9 
to 1.3 corresponding t o  an average  Reynolds  number  range from 
appr0xilr;ately 5 X 10 t o  9 X 106, Within the scope of the teste, the 
following effects on drag were notable: 

6 

1. A decrease in thickness  ratio resulted in a marked  reduction 
of wing drag. 

2. Over the thichess range  investigated, the reductian of drag 
with  decreasing  thickness was less  rapid  for  the  round-nose  airfoils 
than indicated  by  the  theoretical  thlckness-squared  relation  for 
supersonic  flow. 

3. Almost half the drag reduction, due to  sweepback,  resulted 
frm the  decrease of the section  thicknees  ratio  in  the  free-stream 
direCtlon . 

4. Although sharp-nose  profiles  ehowed  greater drag for the  rec- 
tangular wings than did the RACA 65-009 airfoil  section  profile,  the 
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. difPerence w a s  very smal l  for the 45* sweptback w i n g s .  Hmver, the 
sharpnose a i r f o i l s  may show lower drag at hlgher k c h  numbers where 
the nose wave I s  attached. 
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Figure I. - Typical  configuration  used in thickness -ratio investigation. 
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Figure 2.- Typical configuration used in section profile investigation. 
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